Three polymorphic enzyme loci were used to study mating system and genetic structure in a disjunct population of the seaside goldenrod, Solidago sempervirens, growing near Windsor, Ontario to determine if self-fertility played a role in the initial colonization of this area. Observations on genotypic variation in the adult populations and the analysis of progeny arrays showed no evidence for inbreeding with estimates of outcrossing rate not significantly different from t = 1.00 for both the Windsor population and a population from the main distribution of the species. Colonization of southern Ontario by S. sempervirens probably involved either a single colonization event consisting of several individuals with different self-incompatibility genotypes or a number of separate colonizing episodes.
INTRODUCTION
Plants exhibit a diversity of mating systems ranging from self-incompatible obligate outcrossers to selfcompatible species with various levels of selffertilization. Theoretical and empirical observations have attempted to examine the ecological and evolutionary processes which may favour one mating system over the other (Jam, 1976; Lloyd, 1980; Lande and Schemske, 1985; Schemske and Lande, 1985) . Self-compatibility has often been cited as an advantage for colonizing species because a single individual can establish a new population (Baker, 1955 (Baker, , 1967 Antonovics, 1968) . Successful colonization of a new area by obligate sexually reproducing self-incompatible species would have to depend on several colonizing individuals with different self-incompatibility genotypes.
However, the colonization process itself may facilitate the breakdown of self-incompatibility in a self-incompatible species. For example, many self-incompatible species show some capacity for setting a few seeds by self-pollination (Davies and Young, 1966; Thompson and Taylor, 1966;  * Present Address: Department of Biology, Memorial University of Newfoundland, St. John's, Newfoundland, Canada, A1B 3X9. ** Present Address: Department of Plant Sciences, University of Western Ontario, London, Ontario, Canada, N6A 5B7. Antonovics, 1968; Lefebvre, 1970; Ronald and Ascher, 1975; de Nettancourt, 1977; Wu and Jam, 1980; Kress, 1983) . The few seeds set by a single colonizing individual may lead to a breakdown in the self-incompatible mechanism, providing that self-fertility is heritable and inbreeding depression does not prevent the establishment of seedlings from self-pollinated seeds (Schemske, 1983; Schoen, 1983) . Inbreeding as a result of populations being founded by a few self-incompatible individuals may also contribute to the breakdown of self-incompatibility. Outcrossing species with disjunct populations showing a higher frequency of selfing suggest that there may have been a breakdown of self-incompatibility during the colonization process (Lloyd, 1980) . For example, selfincompatible species colonizing and adapting to contaminated mine soils exhibited a higher rate of self-fertility compared to non-tolerant populations of each species (Antonovics, 1968; Lefebvre, 1970) .
Selfing in the tolerant population is an effective barrier to gene flow from adjacent non-tolerant populations (Antonovics, 1968) , but self-fertility may have evolved during the colonization of contaminated soils by a small number of founding individuals (Lefebvre, 1970) . Self-fertility would ensure some seed set in the absence or low probability of cross pollination during the early stages of colonization (Baker, 1955; 1967) . The high frequency of self-fertility in some peripheral popu-lations of strawberry clover (Trfoliumfragferum) also may have evolved under conditions of low probability of cross pollination (Davies and Young, 1966) . Observations on the inheritance of self-fertility in these and other species provide evidence for the evolution of self-compatibility under conditions which limit cross pollination such as low plant density and the lack of pollinators (Davies and Young, 1966; Thompson and Taylor, 1966; Antonovics, 1968; Ronald and Ascher, 1975) . Colonization events may also be a factor contributing to a breakdown in the incompatibility mechanism of heteromorphic incompatible species (Glover and Barrett, 1986; Barrett, 1979) .
Genetic variation and mating system have been examined in a disjunct population of S. sempervirens L. growing near Windsor, Ontario to determine if self-fertility played a role in the initial colonization of this area. Estimates of outcrossing rates in naturally pollinated progeny arrays were used to compare the level of selfing in the Windsor population with a population sampled from the main distribution of this species on the east coast of North America.
MATERIALS AND METHODS
The seaside goldenrod, S. sempervirens, grows on saline soils along the Gulf of Mexico and the Atlantic coast as far north as the Gulf of St. Lawrence (Gleason and Cronquist, 1963; Boettcher, 1980; Quinn, 1980, 1982) . A large amount of morphological and floweringtime variation has been observed among populations (Goodwin, 1944; Boettcher, 1980) . Two varieties have been recognized, S. sempervirens var. sempervirens (northern form) and S. sempervirens var. mexicana (southern form) (Gleason and Cronquist, 1963; Boettcher, 1980) . Chromosome counts show 2n = 18 with no variation observed across the species range (Boettcher, 1980; Semple et aL, 1984) .
Solidago sempervirens is a herbaceous perennial species forming distinct genets consisting of many ramets. Similar to other species of Solidago (Gross and Werner, 1983) , S. sempervirens is selfincompatible (Goodwin, 1937; 1944) consist of a few areas with several hundred individuals growing on saline soils associated with brine wells and salt-mine activity (Catling and MacKay, 1980) . Brine wells have been in continuous operation in this area since about 1893 (Sanford, 1957) . Single plants are also found growing in road-side ditches several kilometers from areas of high density. In addition to road-side isolates, five individuals were found growing at the HB site on the shore of Lake Erie ( fig. 1 ). S.
sempervirens was discovered in southern Ontario in 1974 (Catling and McKay, 1980) ; the age of origin of these individuals is presently unknown. A disjunct population of this species has also been recorded from the Chicago area (Swink, 1974) .
Leaf samples from individuals of S. semper- Five seeds were randomly sampled from two early and two late-blooming flower heads for a total of 20 seeds per individual. This was to determine if there were any differences in outcrossing rate between early and late blooming flower heads. Five seeds from four flower heads were sampled from 26 individuals in the Long Island (LI) population. In this population flower heads were sampled at random without respect to flowering time. Seeds were stored at 5°C prior to electrophoresis.
Leaf tissue and individual seeds were prepared for electrophoresis by grinding with a small amount of PVPP (polyvinylpolpyrrolidone) and a few drops of buffer (10 ml 01 M Tris-HCI, pH 80, 2 drops of mercaptoethanol) to form a slurry.
Samples were kept on ice during grinding and were analyzed electophoretically for three enzymes; PGI (phosphoglucose isomerase), PGM (phosphoglucomutase) and ADH (alcohol dehydrogenase). These enzymes were chosen because they were reliably resolved and polymorphic. PGI and PGM were stained on cellulose acetate gels (Helena Laboratories, Beaumont, Texas) using a Tris-glycine buffer (3 g/l Trizma base, 144 g/l glycine). ADH was stained on a lithium borate starch gel (Selander et a!., 1969) . Enzyme stains followed standard procedures (Harris and Hopkinson, 1976) .
Leaf tissue was used to determine each maternal genotype in the RC population and seeds from each maternal individual used to determine progeny genotype arrays. The same three loci were expressed in both the leaf and seed tissue. Maternal genotypes of the 26 individuals sampled from the LI population were inferred from progeny genotype arrays using the method of Brown et a!. (1975) . Segregation patterns in progeny arrays and results from crosses confirmed the genetic basis of the enzyme variation. Single-locus estimates of outcrossing rate (t) and pollen gene frequency were calculated as outlined in Brown et a!. (1975) . Multilocus estimates of outcrossing rate used the method of Green et a!. (1980) . Similar estimates were obtained using a program developed by K. Ritland (Ritland and Jam, 1981) .
RESULTS (I) Genetic structure
The Long Island and Windsor populations shared the same two alleles at Pgi, Pgm and Adh.
However, seeds from the Long Island sample had been stored for several months and ADH activity was too weak to score in all individuals. Estimates of allele frequency and inbreeding coefficients (F) for Pgi, Pgm and Adh in samples of the adult populations are presented in table 1. All samples were consistent with Hardy-Weinberg genotype proportions at the three loci, with inbreeding coefficients not significantly different from zero (table 1) . Significant heterogeneity in allele frequency for all three loci was found among the population samples using heterogeneity G tests on the genotype frequencies (Sokal and Rohlf, 1981 ).
An overlapping pattern of differentiation was observed for Pgi (table 1) , with WS and LI showing the largest frequency difference for the S allele (066 and 085, respectively). Differentiation at the Pgm locus showed the highest frequency for the The level of genetic substructuring within populations was determined by examining the pattern of genetic variation along transects and differentiation between separate transects within populations. Substructuring can severely bias outcrossing rate estimates in the direction of increased selfing (Ennos and Clegg, 1982) . The distribution of genotypes along transects was known for individuals sampled from the four populations.
Using a runs test (Sokal and Rohlf, 1981) , the two common genotypes at each locus were found to be distributed at random along transects in each of the four populations, confirming the occurrence of different genets when individuals were sampled at 1 metre intervals and the absence of genetic substructuring. Individuals in the RC and WS populations were collected along four and three transects, respectively. Only the Adh locus showed significant heterogeneity (G= 164, P<001) in genotypic frequency among the transects in the RC population. Non-random associations (gametic disequilibria) among the three loci were tested (Hedrick et a!., 1978) in the sample of adults from WS, TV and RC. Only Pgi and Pgm in the WS sample showed some evidence for any non-random association (table 2) . Disequilibrium was not tested in the LI sample due to the small number of individuals.
(ii) Outcrossing rate Single locus estimates of outcrossing rate (t) were calculated for early and late blooming flowering heads in the RC population as well as a combined estimate for the population. These estimates were compared to single locus estimates for the LI population. Except for the estimate for early blooming flowers in the RC population using the Adh locus, all single-locus estimates showed no significant differences from t = 10 (table 3), suggesting that pollinator limitations did not affect outcrossing rate. The decreased "apparent" outcrossing rate for the Adh locus could be due to genetic substructuring since heterogeneity in Adh genotype frequency was found among transects in the RC population. However, if this were the only cause for a decrease in apparent outcrossing rate at this locus then the outcrossing rate estimate using progeny from late blooming flowers from the same maternal parent should also show a decreased outcrossing rate. Alternatively, early blooming flowers may be receiving a non-random sample of the pollen pool with respect to the Adh locus due to non-random pollinator behaviour or temporal differences in flowering time between Ad/i genotypes.
Multilocus estimates of outcrossing rate also showed no significant differences from t = 1O for all samples (table 3) . These results show no evidence for differences in outcrossing rate between early and late blooming flowers in the RC population. Furthermore, neither the RC nor the LI populations show any evidence for a significant level of self-pollination. The possibility of genetic heterogeneity in the pollen pool was tested by examining the heterogeneity in proportion of heterozygous progeny among maternal plants homozygous for each locus (Brown et aL, 1975) .
According to the mixed-mating model (Clegg, 1980) , each maternal plant is expected to receive a random sample of pollen from the pollen pool. Therefore, maternal plants homozygous for a locus should, on average, show the same proportion of heterozygous progeny. Tests for heterogeneity in the proportion of heterozygous progeny showed no heterogeneity among the tested families except for the Pgm locus in the RC population (table 4) .
However, if this is a result of non-random sampling of the pollen pool with respect to this locus it does not appear to be sufficient to affect the estimate of outcrossing rate (table 3) . Homogeneity of the proportion of heterozygotes with respect to the Adh locus suggests that non-random sampling of the pollen pool may not be responsible for the observed deviation of outcrossing rate from t = 1-0 However, in the RC population, the frequency of the Adh S allele was estimated to be significantly higher for the pollen pool (estimated from the late progeny array and the combined early and late progeny array) compared with the allele frequency estimated from the adult population (table 5) .
(iii) Isolates Single genets of S. sempervirens were observed growing in road-side ditches. Seed set was examined in two isolates separated from each other by about 6 kilometres and from the nearest population by more than 6 kilometres ( fig. 1 ). Seed set in the Oldcastle isolate was 2 per cent (228 fiorets examined) and 4 per cent (1602 florets examined) in the 1-14 isolate. The three-locus genotype of the 1-14 isolate was SS-SF-SS (Pgi, Pgm, Adh) and two of the 72 seeds were the result of outcrossing since both seeds were SF heterozygotes at Pgi and Adh. A possible source for this outcross pollen was an isolate 1 km away with a three-locus genotype of SF-SS-SF. S. sempervirens is the only conspicuously flowering species at this time of year and may explain long-distance pollinator movement between isolated individuals. The remaining 70 seeds were SS homozygotes at Pgi and Adh with Pgm showing no significant (2=291, P> 005) deviation from a 1:2: 1 segregation of the three genotypes. These observations suggest that the 70 seeds were the result of self-pollination because no individuals with the same three-locus genotypes as the 1-14 isolate were detected within a 1-2 kilometre radius. Of the five isolated individuals found at HB ( fig. 1 ), four had different three-locus genotypes. High seed set was found in these isolates similar to the individuals from the larger RC and WS populations. Seven of the ten seeds sampled from one individual were detected to be produced by outcrossing. Although there were some gene frequency differences, the Long Island and Windsor populations shared the same alleles for three enzyme loci.
The genetic relationship between the Windsor populations and populations along the east coast cannot be evaluated without additional information on gene frequency variation along the east coast. However, there were some morphological differences betweeen individuals from the two areas. Comparisons between individuals grown from seed under common greenhouse conditions showed that the Long Island individuals had wider leaves, flowered later, produced flower heads with more flowers and set heavier seeds (Hermanutz and Innes, in preparation). These differences suggest that the S. sempervirens near Windsor is similar to the more southern var. mexicana (L.) Fern. while the Long Island population resembles the more northern var. sempervirens (Goodwin, 1944; Gleason and Cronquist, 1963; Boettcher, 1980) . A more detailed genetic and morphological survey of S. sempervirens along the east coast should be able to determine the affinity of the Windsor populations to populations along the Atlantic coast.
Preliminary pollination experiments under greenhouse conditions attempted to determine seed set in S. sempervirens after self-pollination of individuals collected from the Windsor populations. The average proportion seed set per flower head was significantly higher for the outcrossed treatment (0.85 S.E., N=34 heads) compared to seif-pollinations (025 N=36) or untouched controls (0.26±004, N=36). These results suggest that a 25 per cent seed set may be possible after self-pollination. However, this seed set appeared to have been the result of contaminating cross pollen since space limitations prevented a large distance separating each plant. Cross pollination was determined by comparing the maternal and progeny genotypes for these seeds. Of the 170 seeds examined a minimum of 44 per cent outcrossing was detected (i.e., heterozygous progeny from homozygous mothers). Although the selfed treatment showed a reduced seed set compared to the outcross treatment, additional experiments are required in order to assess the level of self-fertility in the Windsor S. sempervirens.
Even though S. sempervirens appears to be self-incompatible, a few seeds were observed to be set by single individuals isolated from the main population. It is likely that these seeds were set through self-pollination. A small proportion of seeds set by isolated individuals can still result in many seeds because of the large number of flowers produced by the perennial plants. Although seeds from one isolate were germinated and grown into flowering plants under greenhouse conditions, no new seedlings were observed growing near the isolated individuals. Inbreeding depression, expressed under natural conditions, may be pre-venting the establishment of these inbred seedlings in nature (Schemske, 1983; Schoen, 1983) .
The expression of inbreeding depression following self-fertilization may be one factor preventing the evolution of selfing in predominantly outcrossing species . In the absence of inbreeding depression a gene promoting selfing in addition to outcrossing would rapidly become fixed (Wells, 1979) . This model applies to large outcrossing populations in which a large number of recessive deleterious mutations have accumulated. Population bottlenecks, such as during the colonization of new areas, may reduce inbreeding depression so that selfing becomes advantageous . Some evidence for this process was found in a study comparing outcrossing rates among populations of Gilia achilleifolia (Schoen, 1982a) . The more northerly populations, which were probably founded by a small number of individuals (Schoen, 1982b) , showed decreased protandry accompanied by a higher rate of selfing. Selection may have played a role in modifying the breeding system since some of the observed variation in degree of protandry (and as a consequence selfing rate) appeared to be under genetic control.
The evolution of self-fertilization in self-incompatible species requires a breakdown in the selfincompatibility mechanism in addition to overcoming the effects of inbreeding depression.
Several examples demonstrate that self-incompatibility and inbreeding depression have not proven to be insurmountable barriers to the evolution of self-fertility (Davies and Young, 1966; Thompson and Taylor, 1966; Antonovics, 1968; Lefebvre, 1970; Ronald and Ascher, 1975; Rick et a!., 1979) .
The occurrence of self-fertility in some of these species appears to be associated with colonizing situations where self-fertility would have an advantage over outcrossing in ensuring some seed set (Antonovics, 1968) . However, the ease of transition from self-sterility to self-fertility varies among species and even among different populations of the same species. For example, both Ant hoxanthum odoratum (Antonovics, 1968; Wu and Jam, 1980) and Trifolium fragiferum (Davies and Young, 1966) consist of populations which show some self-fertility as well as populations which are highly self-sterile. The evolution of self-fertility in some populations of these species may have been due to a rare combination of genetic and environmental factors which may only occur with a frequency on the order of mutation rates (Wu and Jam, 1980) . Chance events may have also been responsible for the evolution of a self-compatible species from self-incompatible Stephanomeria exigua ssp.
coronaria (Gottlieb, 1973) . Although the Ontario populations of S. sempervirens were probably established by a small number of individuals, the initial inbreeding and the expected reduction in inbreeding depression did not result in the evolution of self-fertility. Furthermore, the spread of this species around the local area has not been facilitated by any increase in the rate of selfing. Single, isolated individuals do not appear capable of establishing new colonizing populations by producing a small number of seeds through self-pollination. These observations would suggest that the initial colonizing individuals establishing the Ontario population did not pass through a stage of self-fertility followed by a reversion to self-incompatibility. Additional observations are needed on the rate of production of selfed seeds and the fitness of selfed progeny under natural conditions in order to understand the factors preventing the evolution of self-fertility in this species. Attempts to select for self-compatibility and generate a reduction in inbreeding depression would also provide information on the potential for shifting the breeding system from obligate outcrossing to selfing. The ability to evolve selfcompatibility and a selfing mating system may vary considerably among self-incompatible species. It would be instructive to know if the inability to evolve selfing in some species is due to difficulties in overcoming the self-incompatibility mechanism or the expression of inbreeding depression in selfed progeny.
